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Abstract
Cone–rod dystrophies (crd) represent a group of progressive inherited blinding diseases characterized by
primary dysfunction and loss of cone photoreceptors accompanying or preceding rod death. Recessive crd
type 1 was described in dogs associated with an RPGRIP1 exon 2 mutation, but with lack of complete
concordance between genotype and phenotype. This review highlights role of the RPGRIP1, a component of
complex protein networks, and its function in the primary cilium, and discusses the potential mechanisms of
genotype–phenotype discordance observed in dogs with the RPGRIP1 mutation.
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42.1 Introduction
Cone-rod dystrophies (crd) affect the cone and rod photoreceptors resulting in reduced
visual acuity followed by severe loss of central and color vision that often progresses to
complete blindness. The onset of clinical disease in man ranges from early to late adulthood,
and inherited as X-linked, autosomal dominant or, most commonly, autosomal recessive.
Mutations in over 20 genes have been identified to cause crd (RetNet db). Canine models
have been developed for several human retinal degenerations (Aguirre and Acland, 2006); in
terms of crd, the standard wire-haired dachshund (SWHD), miniature long-haired
dachshund (MLHD), pit bull and Glen of Imaal terriers are the only dog breeds thus far
affected with crd, and the involved genes have been identified in all except pit bull terriers
(Goldstein et al., 2010; Kijas et al., 2004; Mellersh et al., 2006; Ropstad et al., 2007).
A canine autosomal recessive, early-onset crd (crd1) was described in MLHDs (Mellersh et
al., 2006). The crd1 locus was mapped to a region of CFA15 syntenic to HSA14 and
containing RPGRIP1 (the retinitis pigmentosa GTPase interacting protein 1). This gene
encodes a ciliary protein that plays an important role in maintenance and function of the
cilium. In man, mutations in RPGRIP1 are associated with Leber congenital amaurosis
(Dryja et al., 2001), and cone-rod dystrophy (Hameed et al., 2003). Sequence analysis of
canine RPGRIP1 revealed a 44-nucleotide insertion in exon 2 that was proposed to be
responsible for the disease in MLHD as it altered the reading frame by introducing a
premature stop-codon (Mellersh et al., 2006). Subsequent studies, however, indicate that
only ~80% of homozygous mutant MLHDs had the disease (Miyadera et al., 2009). The
genotype-phenotype discordance suggests that another mutation in the same or different
gene may contribute to the disease. In this review, we examine the RPGRIP1 protein
interactome with the view of selecting possible interacting genes that could be associated
with the crd1 phenotype.
42.2 Focus on the RPGRIP1. What Makes it Special?
Human RPGRIP1 encompasses 25 (24 coding) exons (Dryja et al., 2001), and is expressed
in amacrine neurons, photoreceptors and, at reduced levels, in many other eye tissues
(Roepman et al., 2000). Knockout studies indicated RPGRIP1 is required for morphogenesis
of the outer segment (OS) discs (Zhao et al., 2003), and plays an important role in OS
formation, particularly in rods (Won et al., 2009). Moreover, RPGRIP1 is subject to multiple
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splicing leading to numerous isoforms with species-specific subcellular localization patterns,
e.g connecting cilium, photoreceptor inner and OS (Castagnet et al., 2003; Mavlyutov et al.,
2002), and the basal body of cells with primary cilia (Shu et al., 2005), suggesting that
different isoforms may perform cell-specific functions.
RPGRIP1 is a component of the cilia protein network, but details about its molecular
function and interacting proteins are incomplete. In retina, RPGRIP1 was identified as a part
of different protein complexes including RPGR (Roepman et al., 2000), NPHP4 (Roepman
et al., 2005), and/or RanB (Castagnet et al., 2003). It directly interacts with RPGR via its C-
terminal domain (RID; Roepman et al., 2000). The C2 domain specifically binds with
NPHP4 (Roepman et al., 2005) which is part of a multifunctional complex localized in
actin- and microtubule-based structures. Mutations in the NPHP4 gene are linked to
nephronophthisis type 4, Senior-Løken syndrome in man (Mollet et al., 2002), and crd in
dogs (SWHD) (Wiik et al., 2008). To better understand of the potential role and functioning
of RPGRIP1 in the cilium, and identify potential candidate proteins that influence the crd1
phenotype, a putative molecular network was generated based on results of integrated
information of protein-protein interactions or co-localization of ciliary proteins.
42.3 Characterization of the RPGRIP1- Associated Protein Network
In spite of the fact that the exact function of the RPGRIP1 is still unclear, interaction with
RPGR and NPHP4 establishes connection to several cellular processes (Fig. 42.1).
Mutations in many of these genes have been shown to have a retinal phenotype.
42.3.1 RPGRIP1 Is a Component of the Transport Network for Cilia Assembly
RPGRIP1 interacts with RPGR anchoring it to the connecting cilium. RPGR isoforms were
found associated with intraflagellar transport polypeptide IFT88 and the p150Glued subunit
of the dynactin transport machinery (Khanna et al., 2005) suggesting involvement of RPGR
in regulation of transport in primary cilia. IFT88 interacts directly with the molecular
chaperone MRJ which acts as a cargo receptor for photoreceptor specific guanylate cyclase
(GUCY) and plays a critical role in formation or stabilization of the IFT-cargo complexes
(Roepman and Wolfrum, 2007) (Fig. 42.1).
Another RPGR-interacting partner is PDEδ (Linari et al., 1999). PDEδ binds and
specifically stabilizes the GTP-bound form of Arl3, which belongs to the ARF small
GTPase family, by strongly decreasing the dissociation rate of GTP (Zhang et al., 2004).
The retinitis pigmentosa RP2 protein, which links pericentriolar vesicle transport between
the Golgi and the primary cilium, is a GTPase activating protein for Arl3. Depletion of RP2
and dysregulation of Arl3 resulted in dispersal of vesicles cycling cargo from the Golgi
complex to the cilium.
42.3.2 RPGRIP1 Involvement in Regulating Cytoskeleton Dynamics and Ciliogenesis
There is a group of proteins in the RPGRIP1-associated interactome with different functions
that are part of a complex cellular machine regulating cytoskeletal function and integrity
(Fig. 42.1). RPGRIP1-interacting partner RPGR was found in a protein complex with
CEP290 (NPHP6), a microtubule motor protein (Khanna et al., 2005), suggesting
involvement of RPGR in microtubule organization. Although a centrosomal protein,
CEP290 also was localized in the basal bodies of the ciliary apparatus in different cell types,
including the photoreceptor cilium. CEP290 interacts with a component of centriolar
satellites PCM1 which is implicated in some BBS proteins function (Kim et al., 2008), and
localizes to centriolar satellites in a PCM1- and microtubule-dependent manner. PCM1
plays a role in the recruitment of some centrosomal proteins including centrin and
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pericentrin (PCNT), and is required for the organization of the cytoplasmic microtubule
network. CEP290 interaction with PCM1 is important for the ciliary targeting of RAB8, a
small GTPase involved with BBS protein complex to promote ciliogenesis (Kim et al.,
2008). Direct or indirect interactions with other proteins, e.g. RABIN8, CP110, BSS1 and
others, also are important for ciliogenesis (Nachury et al., 2007; Tsang et al., 2008).
RPGR has been proposed as a regulator of some NPHP proteins complexes in the
mammalian retina (Murga-Zamalloa et al., 2010). The RCC1-like domain of RPGR interacts
with the N-terminal part of NPHP4, an RPGRIP1-interacting partner. In the retina, RPGR
also interacts directly with RPGRIP1L (NPHP8) and NPHP1, a protein that interacts with
NPHP4, NPHP2, and tubulin (Mollet et al., 2002; Murga-Zamalloa et al., 2010). RPGR,
NPHP5 and CaM were detected in a common multiprotein complex in the retina, and
NPHP5 was shown to directly interact with CaM (Otto et al., 2005).
One of NPHP1-interacting protein is AHI1, a cilium-localized protein that shown to cause a
form of Joubert syndrome (Eley et al., 2008). AHI1 is required for photoreceptor OS
development, and null mice fail to form OS and have abnormal distribution of opsin
throughout their photoreceptors. AHI1 binds huntingtin-associated protein 1 (HAP1) which
interacts with PCM1 and with the p150Glued subunit of dynactin transport machinery. It
was found that BBS4 acts as an adaptor that connects p150Glued with PCM1, and thus
assists the centrosomal recruitment of PCM1 and is associated with some centrosomal
proteins.
42.3.3 Components of Molecular Networks Regulating Cellular Transport and Cytoskeleton
Dynamics Show Connection with Visual Pathway
Fig. 42.1 also includes a group of molecules from the visual signaling cascade, including
RHO, GRK1, transducin (Tαβγ), GUCY, PDE, ARR1 and others, that “border” the
RPGRIP1-associated network. Interaction of CP110 with different proteins, e.g. CaM and
centrin, is an example of intersection of signaling pathways (Tsang et al., 2006). Ca2+ ions
are required for the activation of centrin isoforms and for centrin/transducin (T-βγ) complex
formation. Centrin functions are not only regulated by Ca2+-binding but also by site-specific
phosphorylation/dephosphorylation. A changeover of assembly and disassembly of centrin/
transducin complexes may regulate the diffusion of transducin through the connecting
cilium (Trojan et al., 2008).
The network represented on the Fig. 42.1 carries limited information and doesn’t show any
pathways in details but is presented as an overview of the RPGRIP1 interactome, and to
provide clues as to what other proteins may interact with RPGRIP1 and determine the
phenotype/disease outcome in the mutant dogs.
42.4 Dogs with Retinal Degeneration Show Significant Phenotypic Variation
with RPGRIP1 Mutation Ins44
The crd1 “causative” RPGRIP1 Ins44 mutation was initially completely associated with
disease status in an inbred research colony (Mellersh et al., 2006). A recent study of a
general MLDH population identified substantial genotype-phenotype discordance: 16% of
normal controls were homozygous for the insertion, while 20% of dogs with retinal
degeneration did not carry the insertion on both chromosomes (Miyadera et al., 2009).
Additionally, four other breeds were identified to carry Ins44 including English Springer
Spaniels (ESSs; in dogs affected with PRA, ~30% were homozygous for Ins44), Beagles
(allelic frequency 27.8%), French Bulldogs (12.5%), and Labrador Retriever (3%), with
some variation in the length of the polyA insertion (Miyadera et al., 2009). That result in
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ESSs is in good agreement with our own data. Depending on the survey conducted
(unpublished), the clinical incidence of retinal degeneration in ESSs is ~3%, yet the number
of dogs that are homozygous for the mutation ranges from ~20-40%. These observations
resulted in the suggestion that the RPGRIP1 Ins44 mutation represents a predisposing factor
for disease rather than the causative mutation. This possibility could be explained by several
different hypotheses.
First, RPGRIP1 undergoes to multiple splicing, and some its isoforms can delete exon 2
which is the site of the putative mutation (Kuznetsova et al., under review). Moreover, a
subset of RPGRIP1 isoforms can be driven from internal alternative promoter(s) located 3′
of the mutation. In both cases those isoforms could provide protein function independent of
the exon 2 Ins44 genotype. This hypothesis could be tested by investigating RPGRIP1
protein expression in dogs with Ins44.
Second, it has been demonstrated that Ins44 contains a prolonged polyA tract. In many
cases, including a recent report (Miyadera et al., 2009), such polynucleotide tracts are
polymorphic. This suggests that DNA polymerase fidelity defects with the replication of
long polynucleotide repeats, some chromosomes carrying the insertion may not consist of a
44, but 43, 45 or 47 nucleotide repeat. In those cases the mutation would not necessarily
result in a premature stop-codon, but at a modified RPGRIP1 N-terminus and could partially
explain variation in disease phenotype in dogs with Ins44.
Lastly, Ins44 alone may not be sufficient to cause disease, but be dependent on a second
mutation in RPGRIP1 or a different gene. Based on outcross/intercross/backcross studies
carried out in our lab, the potential modifier gene is most likely located inside the mapped
1.74 Mb region of canine chromosome 15 containing RPGRIP1 (Miyadera et al., 2009). In
this case cosegregation of a haplotype with crd1 would explain better the cases of the
disease and be in agreement that Ins44 alone highly associated with crd1 in the inbred
population.
In summary, RPGRIP1 is an important signaling component inside the cilia. RPGRIP1
primary mRNA undergoes an extensive splicing resulting in the formation of multiple
isoforms. To date, the exact role of RPGRIP1 protein isoforms in cilia function is unknown,
but published data about RPGRIP1 interacting molecules support the role of this protein in
the cytoskeleton dynamic and transport of ciliary proteins. Reconstruction and analysis of
the putative RPGRIP1-associated molecular network offers opportunities to further
investigate the molecular mechanisms of cone-rod dystrophy in dogs.
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Fig. 42.1.
Putative RPGRIP1-associated protein network. The connections are based on reported
protein-protein interactions (for description and references, please see text). Direct
interactions are shown by solid lines; interactions that are shown by dotted lines represent
indirect interactions (for example for those that were identified by immunoprecipitation
analysis)
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